We developed an experimental technique which probes the dynamics of a single colloidal particle over many decades in time, with spatial resolution of a few nanometers. By scattering a focused laser beam from a particle observed in an optical microscope, we measure its fluctuations via the temporal autocorrelation function of the scattered intensity g͑t͒. This technique is demonstrated by applying it to a single Brownian particle in an optical trap of force constant k. The decay times of g͑t͒, which are related to the particle position autocorrelation function, scale as k 21 , as expected from theory. [S0031-9007(96) 
We developed an experimental technique which probes the dynamics of a single colloidal particle over many decades in time, with spatial resolution of a few nanometers. By scattering a focused laser beam from a particle observed in an optical microscope, we measure its fluctuations via the temporal autocorrelation function of the scattered intensity g͑t͒. This technique is demonstrated by applying it to a single Brownian particle in an optical trap of force constant k. The decay times of g͑t͒, which are related to the particle position autocorrelation function, scale as k 21 , as expected from theory. [ S0031-9007(96) PACS numbers: 05.40. + j, 42.25.Fx Dynamic light scattering (DLS) has become a powerful technique for measuring dynamics of colloidal particles over many decades in time down to the nanosecond regime [1] . In a typical DLS experiment a laser beam impinges on a sample volume which contains a large number of scatterers. The scattered light collected by a detector far from the sample is generated by the interference of light scattered from all the particles. The random thermal motion of these particles shifts the relative phases of the scattered fields and yields temporal intensity fluctuations. In such experiments, where the beam waist varies over scales which are much larger than the particles and their motion, a single isolated particle will scatter light with constant intensity and hence will not produce temporal intensity correlation.
However, in many cases the dynamics of an isolated, possibly complex, object is of interest. This situation is common in the biological realm where objects such as cells, organelles, or even protein macromolecules have a rich dynamics that depends on their structure and local environment. Examples range from motor proteins moving along polymeric fibers [2] to the elastic flickering of red blood cell membranes [3] . Direct access to the dynamics of localized single entities thus would allow for scrutiny of complex biological processes at high resolution.
In this paper, we present a new technique called localized dynamic light scattering (LDLS). It incorporates both DLS and optical microscopy in a direct measurement of the position autocorrelation function of a single object. While DLS has been implemented with optical microscopy in previous works [4] , the present work extends DLS to probe the dynamics of a single particle. This is achieved by illuminating the object with a strongly focused laser beam whose intensity profile changes over scales comparable to the size of the object. The autocorrelation function (ACF) is therefore based on intensity fluctuations due to the single particle and not on phase interference from many particles nor on number fluctuations [5] . The scattered light is collected using an optical fiber probe that can be placed and manipulated in close proximity to the particle. The light is transferred via the fiber to a photodetector whose signal is fed to a digital correlator where the temporal intensity autocorrelation function, which contains information on the particle dynamics, is computed. The scattering object can be either a rigid particle, such as a glass bead, or a particle with internal degrees of freedom, such as a cell membrane or any other organelle. We present the physical principles of this technique and describe a simple experiment where a single spherical particle is held in a potential well that is formed with optical tweezers [6] .
In a LDLS experiment the scattering volume is of the order of ϳl 3 , where l is the wavelength of the scattering light source. This is achieved by illuminating the sample through a microscope objective lens producing a sharply peaked intensity profile near the focus. Assuming an incident cylindrical symmetric beam propagating along the z axis we approximate the intensity profile by a Gaussian [7] 
is the waist of the axially symmetric ͑v S x v S y ͒ beam and i x, y, z. This allows scattering from only a well defined region in the sample given by beam waists that are of the order of l. Within this region we consider a single pointlike scatterer whose position relative to the beam focus is r͑t͒. In this case the scattered intensity I s changes in time only due to the motion inside the inhomogeneous beam, and hence
Note that g͑t͒ depends on time only through r i ͑t͒. We have demonstrated that the LDLS technique works by applying it to a Brownian particle inside a potential well. We first describe the experiment and then calculate g͑t͒ from a dynamical model for the particle motion. and tunable intensity I T 0 . The optical tweezers were set up using an inverted microscope, a high numerical aperture lens, and a ͑514.5 nm͒ green argon laser. The bead of radius 0.5 mm was trapped about 50 mm above the bottom cover slip (see inset of Fig. 1 ). To control independently the trap force and the scattering intensity, we used a red ͑632.8 nm͒ HeNe laser, collinear with the green laser, as the scattering light source. The relative intensities of the two lasers was less than 1͞100, and hence the trapping effect of the weaker red laser could be neglected. The fiber probe was positioned about 100 mm away from the optical axis forming an angle of 75 ± with the incident direction. A 632.8 nm line filter in front of our detector ensured that only the red light was actually probed. Fine adjustments of the probe (enabled by a sensitive micromanipulator) were carried out in order to optimize the signal to noise ratio. For any given trapping intensity I T 0 , a few minutes were sufficient to acquire a smooth correlation function.
The resulting potential well that is formed by the green laser is approximately harmonic [8] , with a restoring force 2k i r i acting on the particle. The spring constant k i is directly proportional to the trap intensity I T 0 , to the polarizability of the particle a, and inversely proportional to the square of the trap width,
If the restoring force is strong enough it confines the particle within the trap, and hence its motion has an exponentially decaying position ACF [9] :
with t i 6pRh͞k i . R is the radius of the particle and h is the viscosity of the surrounding solution [10] . The mean square fluctuation of the particle isr 2 i k B T ͞k i , where T is the temperature and k B is the Boltzmann constant.
Since both the scattered and the trapping laser are collinear and focused through the same lens, the intensity ACF, Eq. (1), becomes a product of three decoupled Gaussians: g͑t͒ ϳ Q i ͗exp͓2
In order to proceed further we perform the averages using both the particle position distribution function P͑r i ͒ ϳ exp͑2r 
where 0 # S i # 1 is a dimensionless parameter which takes into account the ratio of the scattering beamwidth and the mean square fluctuations in the well, S i ͓1 1 ͑v 
which may be reduced to two independent exponential functions due to the axial symmetry in our system. In the case of a weak trap where the mean square fluctuations are much larger than the beam waists,r 2 i ¿ ͑v S i ͒ 2 , the particle randomizes its motion before acquiring potential energy. Therefore it exhibits random diffusive motion for short times, t ø t i , and then Eq. (3) predicts a power law g͑t͒ ϳ t 23͞2 which we have not yet measured. A typical ACF is shown in Fig. 2 together with a fit using Eq. (3). We readily identify two well separated decay times, in accordance with Eq. (4) . Figure 3 shows a plot of the two time scales obtained from the fits as a function of laser intensity. Both plots yield an inverse power law t i ϳ 1͞I T 0 as expected from the theory. The longer time scale corresponds to motion in the longitudinal direction while the shorter time scale is related to the transverse motion. Using the relation t 6pRh͞k, we obtain the values of the force constants k as a function of laser intensity I T 0 for both time scales. In the inset of Fig. 3 we plot 1͞t as a function of k for both the longitudinal and the transverse directions, and obtain data collapse onto one curve. The shortest mean square displacement here FIG. 3 . Plot of the inverse time scales for the axial (squares) and transverse (circles) motion of the particle in the threedimensional potential well versus the laser intensity. Inset: collapse of the two time scales when replotted as functions of force constant k, obtained from the intensity using the theoretical relation t i 6pRh͞k i (see text).
is ϳ10 nm, corresponding to the shortest time measured, but our technique allows much better resolution in time and thus better spatial resolution if, for example, smaller particles are used. We note that we can extract the anisotropy of the optical trap from the measured decay times v (3), is exact only for a pointlike particle which scatters isotropically. However, for a spherical particle which does not scatter isotropically, the temporal behavior of the ACF is not altered as long as the particle executes small excursions compared with the scattering beam waist [11, 12] . In our experiment the mean square amplitude of the particle in the optical trap is at most of the order of the trap size. Therefore the use of Eq. (3) to analyze the measured ACF is justified. We note that the high signal to noise ratio obtained is a result of both our light collection geometry and its positioning in the vicinity of a scattering minimum. A simple calculation that substantiates this experimental observation will be published elsewhere [11] .
We have presented the salient features of the new LDLS technique and described an experiment with a single particle trapped in a potential well. The scattering of an inhomogeneous beam from a localized particle provides direct information on the three-dimensional motion of the particle. DLS from single particles under a microscope may have diverse applications in biophysics. Scattering from more complex structures such as cell membranes and organelles can provide dynamical information down to the nanoscale.
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